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Aircraft Loads Database visualized for three parameters Mach, Altitude (ft) and  
Fuel Weight (lb), bullets representing computed Points-In-The-Sky (PITS). 
 
 
Problem area 
In most cases, the actual loads 
spectrum of a military aircraft 
deviates from the design loads 
spectrum. The deviation can be 
attributed to changes in the types of 
mission, an introduction of new 
stores, etc. Such changes influence 
the fatigue life of the aircraft. To 
keep up with the actual usage of an 
aircraft, the maintenance plan has to 
be continuously revised. Input for 
such a revision is commonly based 
on measured data, i.e. post-analysis 
of flown missions, at limited 
locations in the aircraft structure.  
To enable comprehensive studies 
concerning the effects of future 
changes to the fatigue life of an 
aircraft, a complementary fatigue 
life prediction tool is needed. Such 
a tool can be employed to plan and 
optimize future changes prior to 
their implementation.  
 
Towards this fatigue life prediction 
tool, a research program is carried 
out at NLR focusing on the 
generation of loads sequences due 
to aircraft usage inputs. 
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Description of work 
The present paper describes the 
development of a generic flexible 
aircraft loads database system. This 
database system is suitable for 
generating loads sequences, which 
serve as an input for fatigue life 
analysis.  
 
The present work can be globally 
divided into three aspects: 
parameterization of the loads, 
development of the database system 
and generation of loads data to 
support the database. These aspects 
are briefly described in the 
following paragraphs. 
 
The parameterization of the aircraft 
loads proceeds by expressing the 
aircraft usage into missions. A 
mission is subsequently discretised 
into segments. In each segment the 
type of flight, e.g. level flight or 
manoeuvre, is determined based on 
statistical data. The results are the 
flight conditions at which the loads 
data are required for fatigue 
analysis. 
 
The loads database is designed to 
enable fast and efficient 
interpolation and extraction of 
loads. The database is build upon 
loads data corresponding to a set of 
operational conditions called 
Points-In-The-Sky (PITS). The 
PITS are selected to span the 
complete envelope including special 
features like e.g. transonic 
conditions. 
 
The loads data to support the 
database are computed prior to 
application for fatigue analysis. The 
external loads, i.e. the aerodynamic 
and inertia forces, are computed 
through aeroelastic simulations 
taking care of the mass distribution, 
the flexibility of the structure and 
the influence of the flight control 
system. The internal loads, i.e. the 
stresses, at critical locations of the 
aircraft structure are computed 
using an appropriate finite element 
model (FEM). The applied forces 
for computing the stresses are 
obtained from the aeroelastic 
models through a mapping layer 
called the neutral interface. Both 
the external loads and the internal 
loads are stored in the database. 
 
Results and conclusions 
The generic flexible aircraft loads 
database system is successfully 
verified using various test cases and 
is validated against F-16 flight data 
using recorded strain data at two 
locations. A novel application of 
fatigue analysis due to the 
occurrence of limit-cycle 
oscillations is carried out. 
 
Applicability 
The newly developed loads 
database system can be employed to 
study the effects of future changes 
to the fatigue life of an aircraft. The 
method can also be used to provide 
input for updating the maintenance 
plan of an aircraft. Finally, with the 
availability of stress data at any 
locations in the aircraft structure, 
new critical locations, in terms of 
fatigue, can be studied. 
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Summary 
To enable studies on the effects of future changes (e.g. type of missions, store configurations, 
new type of stores), on the fatigue life of military aircraft, a loads generation system is 
developed. The core of the system is a loads database. The loads database, along with additional 
tools, provides a generic means to calculate flight loads on flexible aircraft, to store the loads in 
a database and to generate load or stress sequences in a very efficient way for fatigue life 
analyses. The generic flexible aircraft loads database system for fatigue life analysis is applied 
to an F-16 aircraft experiencing limit cycle oscillation during its flight. 
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Abbreviations 
ASIP Aircraft Structural Integrity Program; ASIP points indicate locations in the 
aircraft structure which are critical to fatigue, defined by manufacturer 
CLASS Computer-aided Loads and Stress Sequencing; NLR loads sequencing 
generator algorithm 
FACE Fatigue Analysis and Combat Evaluation; aircraft health monitoring system 
of the RNLAF F-16 
LCO Limit cycle oscillation; a special type of aircraft vibration with a relatively 
constant amplitude and an almost single frequency 
NI neutral interface; independent layer between loads models to facilitate loads 
transfer 
PITS Point In The Sky; indicates a set of operational parameters, e.g. weight, 
altitude, etc. 
RNLAF Royal Netherlands Air Force 
SLR Stress to Loads Ratio; matrix relating loads at neutral interface points with 
the stress tensor at ASIP points 
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1 Introduction 
Questions concerning the fatigue life of an aircraft arise once it enters into service. These 
questions could come up due to, for instance, different usage patterns than anticipated during 
the aircraft design, different configurations due to modifications or repairs, or studies where the 
influence of different usage scenarios on the service life of an aircraft need to be quantified. 
Fatigue life management of a fleet is usually based on loads monitoring systems, i.e. post-
analysis of flown missions, see e.g. [1] [3][4] [6]. The Royal Netherlands Air Force and NLR 
have been active in this field with the development of the Fatigue Analysis and Combat 
Evaluation (FACE) system, Ref. [6][13]. The present work is complementary to this approach 
in the sense that fatigue life due to an aircraft usage is quantified prior to flying the mission. 
Towards this end and to satisfy the need for updated loads and fatigue predictions by 
manufacturers and operators, at NLR a new procedure is developed for the generation of loads 
sequences for predefined or flown missions. With the availability of such a predictive fatigue 
life assessment system, future changes in terms of type of mission and aircraft configuration can 
be studied and optimised in advance.  
 
The objective of the study presented in this paper is to develop an analytical procedure, 
including methods and models, which can be employed to study the fatigue life of an aircraft. 
The study is concentrated at the development of the capability to generate a fatigue loads 
sequence at the critical locations of the aircraft structure pertaining to the input of aircraft usage. 
Based on previous experience, the procedure is centred at a database in which loads data for all 
relevant loads sources are stored, for a number of configurations and flight conditions of a 
representative aircraft. A loads sequence for fatigue analysis can be generated using the loads 
database in a fast way by interpolating and processing the loads stored in the database towards 
the actual configuration and usage, using one or more mission profiles and environmental 
criteria. The environmental criteria prescribe the occurrences of each load-case per unit time. As 
a result, exceedance curves can be generated for all relevant loads sources in a sequence of 
aircraft missions, for instance simulating the service life of the aircraft. The output may be used 
as input for the Computer-Aided Load and Stress Sequencing procedure CLASS [9], developed 
at NLR, which generates loads sequences for fatigue analysis and testing. 
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Figure 1 Example of limit cycle oscillation (LCO) observed during a flight test, taken from Ref.[13] 
 
One of the intended applications of the loads database system is the analysis of the effect of 
limit cycle oscillation (LCO) on the fatigue life of the F-16. LCO is a phenomenon where an 
aircraft experiences undamped oscillations. Strictly speaking this is a condition beyond the 
conventional flutter boundary. The amplitude of the oscillation is, however, relatively low such 
that the vibration does not cause a direct catastrophic failure like in the case of flutter. The 
remaining concerns are for instance pilot comfort and the long term effect on fatigue life of the 
aircraft. Concerning pilot comfort, a large number of investigations have been published, see 
e.g. Ref.[12]. The aspect of fatigue life, however, has never been published. 
 
An example to illustrate the LCO phenomenon is shown in Figure 1, taken from Ref. [13], 
where traces obtained from flight measurements of the RNLAF are shown. The occurrence of 
LCO is indicated by the oscillation in the normal load factor which is captured by the high 
frequency sampling, i.e. the red curve in Figure 1. The LCO starts after 1200 seconds in flight 
and becomes severe minutes later. The phenomenon causes oscillating stresses at a location in 
the wing structure. This type of alternating stresses can influence the fatigue life of the structure. 
 
Prior to presenting the applications, the newly-developed loads database system is described, 
the loads analysis methods and models are discussed and a selection of test cases for verification 
and validation of the system are shown. 
 
 
2 Overview of the System 
The functional diagram of the process to generate loads sequences from an aircraft usage is 
sketched in Figure 2. The starting point of the whole process is the aircraft usage input. This 
input has to be discretised into missions, segments, etc. In theory, after the required load-cases 
for a fatigue analysis have been defined, a full aeroelastic analysis can be employed to compute 
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the loads for each of the load-cases. This is however not practical. Instead of computing the 
loads directly, a database with predefined support points is used. The loads are parameterised in 
a way that the database will be able to represent the actual loads for the required accuracy. As 
depicted in Figure 2, two branches depart from the input aircraft usage. The branch indicated 
with yellow arrows represents the build up of the loads database, while the branch indicated by 
green arrows represents the process of specifying fatigue load-cases, using CLASS[9], and 
extracting the loads from the database. 
 
 
Figure 2 Overview of the fatigue loads generation system 
 
The process of building up the loads database is carried out using aeroelastic simulations. It is 
decided to separate the computation of external loads, defined here as the aerodynamic and 
inertia forces and moments, and the computation of internal loads, defined here as the stresses in 
the aircraft structure. With this decision, maximum advantage is taken of the available 
optimised methods and models for aeroelastic simulations and for stress computations. Other 
approaches, using a single model for both aeroelastic and stress computations, e.g. Ref.[11], are 
judge to be less practical, too expensive to develop and to maintain.  
 
One of the consequences of separating the internal and external loads computations is the need 
to have a loads transfer method. The loads transfer in the present project is ensured by an 
independent layer called the neutral interface (NI), see section 4. Further, the computation of 
stresses is carried out by constructing a transfer matrix, called the Stress-to-Load-Ratio (SLR) 
matrix, relating the forces and moments at the neutral interface points with the stress tensor at 
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the desired location of the aircraft structure. The locations where the stresses are computed are 
primarily the Aircraft Structural Integrity Program (ASIP) points. These locations have been 
defined by the manufacturer to be critical in terms of fatigue life. 
 
 
3 Loads Database 
The loads database is the starting point for performing fatigue analysis. It contains all the 
different load sources required for fatigue spectra generation. The loads database contains the 
mean and incremental loads for a representative aircraft of the fleet. Both external loads, i.e. 
forces and moments, and internal loads, i.e. stresses, are stored. The database is valid for a 
specific aircraft type only (i.e. F-16, C130, etc). The aircraft is representative to the fleet with 
respect to the aircraft configuration and weight and balance distribution.  
 
3.1 Data base structure 
The structure of the database is designed to enable fast and efficient interpolation of loads. The 
database is build upon loads data corresponding to a set of operational conditions called Points-
In-The-Sky (PITS). Operational PITS are defined in the present study as fuel weight, internal 
stores weight (cargo, in case of transport-type aircraft), external stores weight, Mach number 
(airspeed), and altitude. For the combination of the predefined PITS, loads analyses are 
performed and the results are stored in the database. The PITS are chosen to span the complete 
flight and ground envelope, enabling extraction of the desired loads with adequate accuracy 
using an interpolation process.  
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Figure 3 Schematic overview of the loads database for fatigue analysis 
 
The magnitude of the loads is a function of the aircraft configuration. The aircraft configuration 
can be identified from its flap settings, landing gear position, thrust settings, store configuration, 
type of manoeuvre, etc. At the same operational PITS input but different flap settings the loads 
will be different. Therefore, for every possible combination of flap settings, landing gear 
position, etc. the required loads are calculated and stored in separate tables in the database. 
These data tables contain all loads per operational point at various aircraft locations due to the 
various load sources. 
 
An aircraft location, as depicted in Figure 3, is a geometrical point where the external loads data 
are available from the loads analysis, i.e. the neutral interface point (NI point). Obviously, the 
loads on the aircraft structure depend on the location and therefore the loads database will 
contain loads per location. At each location, the loads are computed for six load components, a 
force and moment in each of the x-, y-, and z-direction.  
 
For each applicable loads source (i.e. manoeuvre, gust, LCO, etc.), the data tables contain the 
mean and incremental loads for each neutral interface point at each operational grid PITS. 
Depending on the loads source different information is stored in the database. For all loads 
sources, the aerodynamic and inertia portions are stored separately.  
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3.2 Conversion to internal loads (stresses) 
A stress computation module creates the stress data for specified critical locations in the aircraft 
structure. Inputs are the SLR, see section 2, and the mean and incremental external loads. These 
external loads are converted into a set of mean and incremental stresses for all load sources at 
various critical locations of the aircraft structure and PITS grid points. The results are stored in 
the stress database. The stress database contains the same information as the external loads 
database, only now expressed in terms of stresses instead of forces and moments. The main 
difference is that the external loads database contains loads for complete aircraft while the stress 
database contains stresses only at the critical locations of the aircraft structure. The stress 
database is used as the starting point for the stress spectra generation program. 
 
3.3 Spectra and sequence generation 
Prior to performing a fatigue analysis, time histories (sequences) of the loads representing the 
aircraft usage and the loads environment have to be defined. In addition to requiring the 
knowledge about the magnitude of the loads, a fatigue analysis requires the knowledge about 
the number of times each load-case is applied over the time period of the analysis. This 
information is defined by the combination of two items:  
• usage, which specify in detail how the aircraft is being utilised, 
• criteria, which specify the rate of occurrence of loads per unit time for a given flight or 
ground phase.  
Typically when using the loads database methodology, aircraft-usage input takes the form of 
mission profiles. A mission profile is a collection of mission phases that chronologically define 
the operational parameters, i.e. the PITS, versus the duration of the complete flight. The set of 
mission profiles represent the way the aircraft is used during period of time for which fatigue 
life analysis will be made. The aircraft loads response is a direct function of these operational 
parameters. 
 
Most of the time, the operational PITS of a mission profile do not coincide with the PITS stored 
in the database. Therefore the required data have to be interpolated from the surrounding PITS 
in the database. An interpolation routine is a core component of the loads database extraction 
procedure. Due to the large number of variables that made up a PITS (like fuel weight, altitude, 
airspeed, etc.), a multi-dimensional interpolation is used. For this interpolation, it is assumed 
that the loads are linear with respect to the chosen PITS parameters. The selection of PITS grids 
as the support points of the database is therefore critical. For example the weight of a fighter 
aircraft is defined by the store configuration, which is discrete, and the onboard fuel, which is 
drained in a specific manner. Another example is the selection of Mach number which has to 
take into account the peculiarities in the transonic region.  
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Finally, using the information from the criteria input, loads spectra (exceedance curves) can be 
generated and, using the sequence generator CLASS[3], the loads over the mission segments 
can be distributed to form a time history sequence.  
 
 
4 Loads Analysis 
The conditions at which the loads data are needed for supporting the database are determined 
from the parameterisation of the loads as described in the previous section. At the required 
conditions the loads data are generated using the loads analysis procedures. The separation of 
the internal and external loads leads to a flexibility in selecting the methods and models to 
generate the loads data. There are two types of external loads data that are considered in the 
present version of the database: flight loads and ground loads. In the following sections the 
generation of these loads is discussed. Afterwards, the computation of the internal loads is 
presented. 
 
4.1 Flight loads 
Typical flight loads to be included in the operational loads data base are the mean loads, 
manoeuvre loads and gust loads. Additionally, one of the goals in developing the database was 
to investigate the effect of LCO on the fatigue life of the aircraft. Therefore the LCO loads are 
also included in the database.  
 
Mean flight loads are the total loads, i.e. aerodynamic and inertia loads, in steady horizontal 
flight (1g loads). Manoeuvre loads are the loads due to responses to control surface deflection 
inputs. These loads are defined as incremental loads, which are added to mean flight loads. For 
fighter type aircraft, like the F-16, manoeuvre loads are a major contributor to the fatigue life.  
 
From the point of view of loads computations, the mean flight loads are simply a subset of the 
manoeuvre loads. Typical parameters for manoeuvre loads are  
• rotation speeds [p,q,r], for roll, pitch and yaw, respectively, 
• rotation accelerations d[p,q,r]/dt, for roll, pitch and yaw, respectively, 
• linear accelerations [ax,ay,az], for longitudinal, lateral and normal, respectively. 
Gust loads are the aircraft loads resulting from the responses due to velocity changes in the 
wind direction. These loads are also defined as incremental loads to be added to mean flight 
loads. Gust-induced loads are major contributors to the fatigue life of transport aircraft. For 
Fighter type aircraft, gust loads are of relatively less importance compared to the manoeuvre 
loads but still need to be taken into account in a fatigue analysis. It is essential that the gust load 
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computations accurately represent the gust environment in order to achieve a realistic prediction 
of the service life. 
 
In the present study the flight loads data are obtained through aeroelastic simulations. The use 
of aeroelastic analysis to predict the loads data inherits some advantages, most importantly: the 
balance of the computed loads and the proper inclusion of the effects of structural deflection.  
 
The balance of loads between inertial and aerodynamic forces is ensured through the trimming 
process. To obtain balanced loads, the aeroelastic analysis has to be applied to simulate a free-
flight condition instead of a restrained condition. When a free-flight condition is simulated, the 
accelerations or the aerodynamic states may be specified.  
 
The effect of loads redistribution due to structural deflection is inherently taken into account 
though a proper fluid/structure interaction procedure. The structural deflection may change the 
distribution of the aerodynamic force significantly, and in turn may also change the trim state, 
which again will change the aerodynamic force distribution. An aeroelastic analysis takes into 
account the mutual interaction between the structural stiffness, the aerodynamic and inertial 
forces and moments.  
 
4.1.1 Loads models 
To carry out aeroelastic simulations computational models are required, which include a proper 
mass distribution, stiffness distribution and the aerodynamic shape of the aircraft. Moreover, 
since the F-16 is augmented by an active flight control system, models for the control laws have 
to be included.  
 
Figure 4 Examples of an aerodynamic model (left figure) and a structural dynamic model (right figure) used  
during aeroelastic analyses to obtain flight loads 
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To model the aerodynamic properties of the aircraft, both lifting surface and advanced CFD 
method are used. These models are coupled with a structural dynamic model through a spline 
technique. The present structural dynamic model is based on a finite element modelling 
representing the aircraft mass and stiffness distributions. The model is relatively coarse. 
Overview of the aerodynamic model and the structural dynamic model are shown in Figure 4.  
In most cases, a linear structural model is sufficient to represent the inertial properties and the 
structural deformation of the aircraft. The aerodynamic model, on the other hand, may be linear 
or non-linear depending on the flight condition.  
 
Finally, the stresses at the critical locations of the aircraft structure are computed using a finite 
element model different from the dynamic finite element model used for the aeroelastic 
analysis. This finite element model has a relatively fine element density and represents the real 
aircraft structure in a more realistic manner, see Figure 5. If necessary to investigate a specific 
region, local refinements can be carried out.  
 
4.1.2 Types of aeroelastic simulations 
Various types of aeroelastic simulations are carried out in generating the required loads. For 
computing manoeuvre loads, mostly a quasi-static assumption is used. This means that when an 
aircraft is executing a manoeuvre, the path is at any time assumed to be part of a circle. The 
centre and radius of the circle are consequently not constant during a manoeuvre. With this 
assumption the loads can be computed instantaneously, i.e. do not depend on the history, and 
are only functions of accelerations and velocities. From the aerodynamic point of view, this 
assumption allows steady formulation of the aerodynamic equations in a rotating frame which 
can be solved efficiently.  
 
Figure 5 Finite element model for the computation of internal loads, i.e. stresses in the aircraft construction 
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In the case where dynamic effects are important, i.e. significant lag in the aerodynamic forces 
with respect to the structural motion, dynamic aeroelastic simulations. Both frequency domain 
and time domain simulations are used to generate the loads data. Frequency domain simulations 
are carried out for e.g. continuous gust response. Time domain simulations are usually 
employed for special cases, e.g. discrete gust, a sudden deflection of a control surface or severe 
manoeuvre. As the discrete gust events are used only to determine the design loads envelope, 
for fatigue analysis it is sufficient to consider PSD gust loads only. In the present work, 
NASTRAN is employed to compute the PSD gust loads where the frequency domain responses 
are computed for a one-dimensional gust with  
 
In a dynamic aeroelastic simulation with relatively small departure from an equilibrium state, 
the aircraft is assumed to be trimmed and balanced prior to the application of the perturbation. 
In special cases, when perturbation is large, fully nonlinear time-domain dynamic aeroelastic 
simulations are carried out.  
 
4.1.3 Input flight conditions for aeroelastic simulation 
For a specified operational PITS, the input data of a quasi-static aeroelastic simulation are the 
rotational velocities and accelerations. To have a realistic loads prediction, it is very important 
that these input data are consistent, i.e. represent a flyable condition. In a mathematical sense, 
these input data should be part of the solution of the equations of motion of the aircraft. To 
ensure this consistency, the input for the aeroelastic simulation can be determined: 
1. Using simplified the equations of motion of the aircraft. 
2. Using the complete equations of motions of the aircraft, i.e. carrying out a flight simulation 
and extracting the conditions at which the loads data will be computed; 
3. Analysing flight measurement data to get the relevant parameters. 
In view of the predictive nature of the present study the first method and the second method is 
used. 
 
4.1.4 Aeroelastic simulation methods 
Most of the flight loads computations are based on linear aerodynamic theory, using the 
commercial software MSC.NASTRAN. The use of linear potential aerodynamic theory limits 
the applicability of the method to either subsonic or supersonic flight conditions. At transonic 
flight speeds, between Mach 0.9 and Mach 1.2, shock waves exist, which violate the 
applicability of the theory. Moreover, linear potential theory cannot handle complex flow 
phenomena, such as flow separation and vortex flow. These complex flow phenomena mostly 
occur during flight at a high angle of attack and have a significant effect on the loads 
distribution on the aircraft.  
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Figure 6 Comparison of loads analysis results employing linear aerodynamic theory (NASTRAN) and a 
CFD method (ENFLOW) F-16 in a symmetric pull-up manoeuvre at Mach 0.90, showing the deficiency of the 
linear aerodynamic theory to capture the nose down moment due to shock waves. 
 
For these conditions non-linear compressible inviscid or viscous flow models governed by the 
Euler and Navier-Stokes equations are employed. Theoretically, these methods can be applied 
for all flight speeds, i.e. subsonic, transonic and supersonic. They model flow separation, shock 
waves and vortex flow, properly. As shown in previous work [7], in transonic flow, shock 
waves on the upper side of the wing generate a significant nose-down moment that influences 
loads distribution significantly, including the setting of the horizontal stabiliser of the aircraft. A 
typical example of loads computations results employing linear and advanced aerodynamic 
modelling is presented in Figure 6. The distribution of bending moment (left figure) and torsion 
moment (right figure) along the wing of an F-16 in a pull-up manoeuvre at Mach number 0.90 
are shown in this figure. The results obtained by the aircraft manufacturer are plotted as 
reference. The linear method can reproduce the correct bending moment but for the torsion 
moment only the results using CFD are correct. 
 
4.1.5 Flight control system 
The flight control system influences the aircraft loads significantly. This is mostly true for an 
aircraft with an active flight control system like the F-16. A proper model of the flight control 
system has to be included in the aeroelastic simulations to obtain loads data with adequate 
accuracy. In the present work several models have been used. For a quasi-static aeroelastic 
simulation, the model consists of the scheduling of leading edge and trailing edge flaps and the 
sleeving (gearing) of various control surfaces. For a dynamic aeroelastic simulation, currently a 
linearised model of the flight control system is used. For a flight simulation, the complete non-
linear model is used.  
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Figure 7 The definition of neutral interface to extract 
the loads data from various loads model 
 
Figure 8 The mapping of loads from the neutral 
interface to a finite element model for stress analysis 
employing beam elements 
 
4.1.6 Loads extraction from aeroelastic simulations 
The outputs of an aeroelastic simulation are the aerodynamic forces and moments at the 
aerodynamic control points and the inertial forces and moments at the structural control points. 
These data have to be extracted and used for the computation of internal loads, i.e. stresses 
using the stress finite element model, shown in Figure 5. Loads mapping has to be carried out. 
Direct mapping from the external loads model to the internal loads model is not preferred 
because various models are involved in the computation of the aerodynamic forces and 
moments, leading to many types of mappings. An ingenious technique is developed where the 
loads data from any loads model are first extracted into the so-called neutral interface. The loads 
at the neutral interface are subsequently mapped to the finite element stress model.  
 
The definition of neutral interface for the F-16 aircraft is shown in Figure 7. This single neutral 
interface definition can be used to extract aerodynamic and inertia data for various loads model 
without any modifications. This is considered to be the most important advantage in using this 
approach since the loads data can be computed using CFD, lifting surface or even experimental 
data. A conservative method is used during loads extraction. The mapping of the forces and 
moments from the neutral interface to the stress finite element model is carried out using a 
special beam element called the RBE3 which also conserves the forces and moments. An 
overview of these elements for the wing of the F-16 is shown in Figure 8. Note that only 
elements with connection are plotted. 
 
  
NLR-TP-2007-381 
  
 19 
 
Figure 9 Comparison of bending moment along the 
wing of the F-16 computed at the external loads 
model and internal loads model, showing the 
conservativity of the mapping method. 
 
Figure 10 Comparison of shear force along the wing 
of the F-16 computed at the loads model and at the 
neutral interface showing the conservativity of the 
loads extraction method. 
 
The validity of this loads transfer approach is checked. Note that the global preserving character 
of the mapping method is inherently built in the interpolation function, therefore only the local 
preserving character has to be checked. First, the loads data are integrated to obtain shear force 
distribution along the wing. Comparison of the shear force distribution computed at the loads 
model and at the neutral interface is presented in Figure 10. The good agreement suggests that 
the method also preserves the distribution character of the loads. Finally, the original loads 
distribution at the external loads model and the mapped loads at the internal loads model are 
integrated to get the bending moment distribution along the wing. The integration of the loads in 
the fine finite element model for the internal loads modelling uses commercial software Vision 
SLIM. The comparison is shown in Figure 9. It can be seen that the loads mapping procedure 
conserves the loads distribution character.  
 
4.1.7 LCO loads 
A typical feature of LCO is the response displacement which is nearly single frequency. The 
frequency depends on the configuration of the stores, e.g. about 5 Hertz for a heavy store 
configuration, see Figure 12, and about 11 Hertz for a configuration with two AMRAAM 
missiles at the outer under-wing attachments. In various studies concerning LCO [8][12] the 
severity of the LCO is expressed in terms of the peak-to-peak amplitude at the forward part of 
the wing tip missile launcher. Figure 11 shows an example of the simulated responses at the 
forward part of the wing tip missile launcher for an F-16 in an heavy store configuration at 
Mach 0.90 and an altitude of 10,000 ft. In the previous study carried out at NLR [10] a 
parameter is introduced to represent the nonlinear stiffness behaviour of the structure.  
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Figure 11 Example of LCO responses at the forward 
part of wing tip missile launcher using various 
parameters of structural non-linearity 
 
Figure 12 Representation of incremental loads due to 
LCO by using a single frequency sinusoidal function after 
decomposed into real and imaginary parts 
 
Simulations for three levels of this structural nonlinearity parameter are shown. For more 
discussions concerning these LCO simulations Ref. [10] should be consulted. As indicated in 
Figure 11 the responses are practically sinusoidal justifying an approximation in storing the 
loads data as real and imaginary parts of the Fourier decomposition based on the frequency of 
the response. Example of the incremental loads, with respect to the mean flight loads, 
decomposed into real and imaginary part are shown in Figure 12. 
 
In terms of fatigue loads, the most important feature of the loads concerns the repeating peaks, 
both the maximum and the minimum. In general, the peaks of the stresses at various locations in 
the aircraft structure do not have to occur simultaneously due to the unsteady nature of the LCO 
loads. By storing the loads in real and imaginary parts, the peaks at any location in the structure 
can be reconstructed accurately.  
 
4.2 Ground loads 
Ground loads occur due to the response of the aircraft due to contact with the ground. Load 
sources include impact with the runway during landing, taxiing, takeoff or rollout over runway 
roughness and ground manoeuvres (like braking, turning, and pivoting) of the aircraft. The 
ground loads considered in the present database are: mean ground loads, landing impact loads, 
taxi-takeoff-rollout loads and ground manoeuvre loads (braking turning, etc.). The analysis and 
generation of ground loads are, however, beyond the scope of the present paper. 
 
4.3 Comparison with measured data 
As indicated in Figure 2 the developed loads database system is built upon various relatively 
independents parts. A possible strategy for validation and verification of the system is by 
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scrutinizing these parts individually. In most cases reference data for validation purposes can be 
found for each part of the system, see previous sections. Validation and verification of the 
whole system at once are hampered by the unavailability of to find a set of usable and consistent 
data, e.g. mission profile, flight data, aerodynamic pressure and other loads data, up to stresses 
at the critical part of the aircraft structure. Let alone the crack growth characteristics at this 
location. 
 
Due to the installation of a FACE equipment [1][6] in the RNLAF F-16 aircraft, stress history at 
several locations in the structure is available, along with the flight data. The whole process of 
flight loads computation, i.e. from the parameterisation of the flight data, the external loads 
computation, the internal loads computation and the database interpolation, can be verified 
against this data. However, extracting the stress data from the available finite element model is 
not straightforward because the model was actually developed to represent global stresses 
instead of detailed stresses. Careful inspection of the available data from FACE system and the 
local modelling at the strain gauge locations leads to the selection of two locations in the aircraft 
structure for verification purposes. Stresses in the direction corresponding to the alignment of 
the strain gauges, are computed using the developed database. Comparisons are shown in Figure 
13. Very good agreement has been obtained. Note that some part of the flight takes place in 
supersonic region. Meanwhile, the flight control system of the F-16 has a different behaviour in 
subsonic and supersonic region, i.e. the aircraft is inherently stable in supersonic speed while it 
is unstable/relaxed in subsonic speed. The good agreement of the loads at the horizontal 
stabilizer implies the correctness in modelling the flight control system of the F-16. 
 
Figure 13 Comparison of computed and measured stresses at two locations representing the 
loads at the wing root and the loads at the horizontal tail of the F-16 during a mission 
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This good agreement brings confidence in the suitability of the present method and model for 
fatigue analysis. It should be noted, however, that more validation and verification exercises 
should be carried out to increase the confidence. Towards this extent, the following activities 
should be carried out:  
• Refinement of the finite element model around the location representing the structural part 
where the strain gauges are attached.  
• Investigate the proper method of stress extraction from the finite element model, e.g. stress 
data from one element or averaged data from a group of elements, etc. 
• Increase the number of strain gauges of the test aircraft and execute dedicated flight test. 
 
 
5 Application 
In this section an application of the newly developed loads database to estimate the effect of 
typical LCO on the fatigue life of an F-16 aircraft is presented. Note that this study is 
hypothetical in nature since it is based on one type of mission only, a “Training-Transition” 
mission. Each mission is assumed to take 1.5 hours to complete. A block of flights is 
subsequently defined as a randomised mix of 17 flights.  
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Figure 14 Block (top) and a flight (bottom) sequence with and without LCO 
 
The quantitative effect of LCO on the fatigue life of the structure is performed by comparing 
two F-16 aircraft in heavy store configuration. One endures LCO at Mach 0.9 and altitude 
10,000 ft during its training mission flight, while the other does not. The dominant LCO 
frequency for this configuration is 5 Hz. It is assumed that the F-16 experiences 1 minute of 
LCO within a 90 minutes flight. This flight occurs 17 times within a block. The present study is 
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based on the crack propagation at an ASIP point located at the wing. It is assumed that crack 
initiation has been occurred. 
 
To perform the study, the sequence of stresses at this location is reconstructed based on the 
external loads experienced by the aircraft during the flight. The stored LCO loads in the 
database are normalized to 1g peak-to-peak acceleration at the forward part of the wing tip 
missile launcher. This acceleration corresponds to a vertical acceleration of 0.08g at the aircraft 
centre of gravity. Data from the RNLAF test flight (see Figure 1, taken from Ref. [13]) shows 
that vertical acceleration at the centre of gravity equals of 0.4g is observed. This level of LCO is 
assumed to occur during the flight in the present study. The LCO loads are, therefore, scaled 
five times the data stored in database.  
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Figure 15 Exceedance curve of the sequence of 
17 flights showing the scale of the LCO cycles 
Figure 16 Crack growth curve of an F-16 ASIP 
location, derived using the reported procedure  
 
The sequences of stresses at the selected ASIP point for flight without LCO and for flight with 
LCO are shown in Figure 14. The differences can also be interpreted from the exceedance curve 
presented in Figure 15. The LCO loads practically contribute as repeated loads with low stress 
level but with a large number of occurrences. From a crack growth analysis, as shown in Figure 
16, the effect of the LCO modelled in this study is about -4% of the fatigue life for an F-16, 
based on the selected ASIP location at the wing. The effect of the LCO on total life seems to be 
limited.  
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6 Concluding Remarks 
In this paper a generic flexible aircraft loads database system capable of generating loads 
sequences for fatigue analysis in an efficient manner has been presented. Separation of the 
internal and external loads using the neutral interface concept provides flexibility in selecting 
methods and models for the loads computations. The present loads transfer method through the 
neutral interface is verified to conserve the loads between models. Flight loads computations 
using the present database system are successfully validated against measured data at two 
locations recorded using the RNLAF FACE system. A novel application on limit cycle 
oscillations shows a limited effect of LCO on the fatigue life of an F-16. Finally, the present 
database system provides the possibility to investigate additional ASIP points. 
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